It also suggests that the PD-1 pathway may be critical in determining the response to CAR-modified T-cell immunotherapy.
A 35-year-old man with multiply pretreated, refractory DLBCL of primary mediastinal origin with extranodal involvement of small intestine at diagnosis, and mediastinum, lung, myocardium, and pericardium at progression was treated on a clinical trial at the University of Pennsylvania with autologous CART19 cells expressing murine anti-CD19 scFv and 4-1BB-CD3z costimulatory-activation domains (NCT02030834).
6 CART19 cells were manufactured as previously reported. 7, 8 He received lymphodepleting chemotherapy with hyperfractionated cyclophosphamide (300 mg/m 2 3 6 doses), followed by autologous CART19 cell infusion (5 3 10 8 CART19 cells or 5.34 3 10 6 cells/kg), day 0. Follow-up chest computed tomographic (CT) scan performed on day 26 to evaluate worsening dyspnea showed after CART19 (day 7), 10 days after CART19 (day 10), 14 days after CART19 (day 14), 26 days after CART19 and 1 hour after pembrolizumab infusion (day 26), 27 days after CART19 and 1 day after pembrolizumab (day 27), 28 days after CART19 and 2 days after pembrolizumab (day 28), and 45 days after CART19 and 14 days after pembrolizumab (day 45). (B) Fold change from baseline in IL-6 serum levels. (C) Percentage of PD1 Figure 1A) . Other than fever, therapy was well tolerated. By day 45, significant clinical improvement was noted; chest CT scan at that time showed interval improvement of multiple pulmonary nodules, pleural effusion, mediastinal lymphadenopathy, and pericardial nodularity ( Figure 1B) . Thus, pseudoprogression after CART19 was considered unlikely because there was reduction in the size of lesions after administration of pembrolizumab, rather than further progression. By 3 weeks after therapy, he was able to return to work. Pembrolizumab, 2 mg/kg, was continued every 3 weeks; [ 18 F]-fluorodeoxyglucose uptake (partial metabolic response); pulmonary involvement by lymphoma had resolved. Twelve months after initiation of pembrolizumab, the patient continues to be clinically well.
We examined peripheral blood for changes in CART19 DNA by quantitative polymerase chain reaction (data not shown), percentage CART19 cells by flow cytometry, and changes in serum cytokines, including interleukin-6 (IL-6; Figure 2A-B) .
7 CART19 DNA copy number increased to a maximum of 2350 copies per microgram DNA following CART19 cell infusion and increased again from 497 copies per microgram on day 14 following CART19 (before pembrolizumab) to 1530 copies per microgram on day 26 after pembrolizumab. The percentage of CAR19-expressing T cells increased after CART19 infusion, stabilizing around days 10 to 14; however, for 48 hours after pembrolizumab, we observed the highest percentages CAR19 1 T cells (Figure 2A ).
This increase in percentage of CAR19-expressing T cells reflects an increase in both CAR19 1 CD8 1 and CD4 1 T cells after pembrolizumab, particularly the CAR19 1 CD8 1 cells (data not shown). The highest serum IL-6 levels were observed days 3 to 7 following CART19 cell infusion and during the 24 hours after pembrolizumab ( Figure 2B ). After pembrolizumab infusion, CART19 cells coexpressing PD1/Eomes decreased, especially in the CD8 1 CAR19 1 cells ( Figure 2C-F) ; no changes were observed in cells coexpressing PD-1 and CTLA4, TIM3, or LAG3 (data not shown). Granzyme B 1 expression increased after pembrolizumab in both CD4 1 and CD8 1 T-cell subsets, particularly in CAR19
We performed T-cell receptor b (TCRb) deep sequencing on the apheresis product, the CAR19-transduced T-cell product, and peripheral blood at day 14 (prior to pembrolizumab), at day 26 (1 hour after pembrolizumab), and at day 45 (19 days after pembrolizumab) ( Figure 2G ). After pembrolizumab (day 45), we observed 8 dominant clones (frequency $1%, range 1.2% to 13.1%). Two of these clones (clones 1 and 2) initially expanded after CART19 cell infusion (day 14) and continued to further expand after pembrolizumab (days 26 to 45). Four clones were present at low levels after CART19 cell infusion and expanded after pembrolizumab (clones 3, 4, 5, and 6). Two dominant clones were only present after pembrolizumab (clones 7 and 8).
Together, our clinical observation and correlative laboratory findings suggest that pembrolizumab may enhance the efficacy of CART19 cells, although the possibility remains that pembrolizumab had activity independent of CART19 cells. This case also suggests a potentially critical role for the PD-1/PD-L1 pathway in CARmodified T-cell immunotherapy in general. Based on these data, we are currently conducting a phase 1/2 clinical trial of pembrolizumab in patients with CD19
1 lymphomas failing to respond to CART19 therapy (NCT02650999). 
